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There is no comprehensive study available on the natural hepatitis C virus (HCV) polymorphism in sites associated with resis-
tance including all viral genotypes which may present variable susceptibilities to particular direct-acting antivirals (DAAs). This
study aimed to analyze the frequencies, genetic barriers, and evolutionary histories of naturally occurring resistance-associated
variants (RAVs) in the six main HCV genotypes. A comprehensive analysis of up to 103 RAVs was performed in 2,901, 2,216, and
1,344 HCV isolates for the NS3, NS5A, and NS5B genes, respectively. We report significant intergenotypic differences in the fre-
quencies of natural RAVs for these three HCV genes. In addition, we found a low genetic barrier for the generation of new RAVs,
irrespective of the viral genotype. Furthermore, in 1,126 HCV genomes, including sequences spanning the three genes, haplotype
analysis revealed a remarkably high frequency of viruses carrying more than one natural RAV to DAAs (53% of HCV-1a, 28.5%
of HCV-1b, 67.1% of HCV-6, and 100% of genotype 2, 3, 4, and 5 haplotypes). With the exception of HCV-1a, the most prevalent
haplotypes showed RAVs in at least two different viral genes. Finally, evolutionary analyses revealed that, while most natural
RAVs appeared recently, others have been efficiently transmitted over time and cluster in well-supported clades. In summary,
and despite the observed high efficacy of DAA-based regimens, we show that naturally occurring RAVs are common in all HCV
genotypes and that there is an overall low genetic barrier for the selection of resistance mutations. There is a need for natural
DAA resistance profiling specific for each HCV genotype.

Hepatitis C virus (HCV) infection is considered a major pub-
lic health problem. More than 170 million people are

chronically infected worldwide, with the consequent risk of
developing liver diseases such as cirrhosis and liver cancer,
which can eventually cause death (1, 2). HCV is a highly vari-
able RNA virus which has been classified into 7 known geno-
types (3). Genetic distances among genotypes reach up to 30%
(4). Such diversity can be explained by an evolutionary rate of
a magnitude of 10�3 substitutions per site and year (5). These
differences at the genomic level also appear to be relevant at the
clinical level. Treatment of chronic HCV infection with pegin-
terferon-ribavirin combination therapy (P/R) shows variable
sustained virological response (SVR) rates depending on the
infecting HCV genotype (GT), with average SVR rates of 46%,
80%, 66%, and 60% for GTs 1, 2, 3, and 4, respectively (6, 7).
Even within HCV GT1, a significant difference in SVR between
subtypes 1a and 1b has been reported (8).

In recent years, the field of HCV therapy is blooming be-
cause of the clinical development of direct-acting antiviral
drugs (DAAs) that are more effective than P/R (SVR up to
�90%) and can be given in interferon (IFN)-free regimens
with reduced toxicity (9, 10). DAAs that have advanced to clin-
ical trials target three essential proteins for the HCV life cycle,
encoded by the nonstructural (NS) protein genes: inhibitors of
the NS3 serine protease (protease inhibitors [PIs]), inhibitors
of the NS5A protein (NS5A inhibitors), and inhibitors of the
NS5B RNA polymerase, either nucleos(t)idic (NI) or non-
nucleos(t)idic (NNI) (11). More than 20 different DAA com-
pounds targeting any of these proteins have been approved or
are being investigated in advanced clinical trials. These regi-

mens result in an increase in SVR rates to above 90% and
reduce the duration of treatment to 12 weeks or less (12). De-
spite the high SVR rates obtained with these antivirals in HCV
GT1 infection, the high variability and epidemic history of
HCV may condition the real-world effectiveness of DAAs in a
significant proportion of patients infected with other viral ge-
notypes. Natural HCV variation is generated and transmitted
over time even in the absence of DAAs. Indeed, naturally oc-
curring DAA resistance-associated HCV variants (RAVs) have
already been reported in DAA-naive patients, with some RAVs
showing differential prevalence between genotypes and sub-
types (13–21). A relevant example is the NS3-Q80K variant
associated with resistance to simeprevir (SMV), which was pre-
viously found to be present in �30% of GT1a sequences but
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almost absent in GTs 1b, 2, 3, 4, and 5 (13, 16, 21). Current
clinical guidelines include NS3-Q80K sequencing to evaluate
treatment with SMV for GT1a-infected patients (9, 10). Other
studies noted different rates of naturally occurring RAVs in
NS5B. The NS5B-C316N variant seems highly prevalent in
GT1b but not in GT1a isolates (17, 20), and NS5B-414L and
-423I seem highly prevalent in GTs 4 and 5, respectively, but
almost nonexistent in other HCV genotypes (20). Another rel-
evant aspect rarely as yet explored is whether, for every resis-
tance-associated site, differences in the genetic barrier (the
minimal number of nucleotide mutations required to generate
a given RAV) exist between HCV genotypes. This issue has
been explored only for the emergence of substitutions causing
drug resistance to some DAAs and for some particular, but not
all, viral genotypes (20, 22).

To our knowledge, to date there is no study comprehensively
describing the natural HCV variation and polymorphism in all
three targets of approved DAAs (NS3, NS5A, and NS5B) and com-
paring the frequencies of natural RAVs between different viral
genotypes and within isolates from the same genotype. Here, we
report the analysis of an extensive data set of HCV sequences from
DAA-naive patients available to date, trying to answer the follow-
ing questions: (i) how prevalent natural RAVs are, (ii) whether
there are inter- and/or intragenotypic differences in their frequen-
cies, (iii) whether naturally occurring multiple resistance to dif-
ferent DAA classes exists, (iv) whether the genetic barrier for re-
sistance differs between HCV genotypes, and (v) whether natural
RAVs are generated de novo or are characteristic of a subset of
viruses being already transmitted over time.

MATERIALS AND METHODS
HCV data sets. In April 2013, data mining was performed on three dif-
ferent databases: the European HCV database (EuHCVdb; http:
//euhcvdb.ibcp.fr/), the Los Alamos HCV database (LANL; http://hcv.lanl
.gov/components/sequence/HCV/search/searchi.html), and The Virus
Pathogen Database and Analysis Resource (VIPRBC; www.viprbrc.org/)
in order to retrieve any nucleotide sequence including HCV nucleotide
positions 3420 to 9000 (H77 reference, GenBank accession no.
NC_004102) (23–25). A total of 2,931 sequences were retrieved: 1,328
sequences from LANL, 847 sequences from EuHCVdb, and 756 sequences
from VIPRBC. A nonredundant data set of 1,407 sequences spanning the
three NS3, NS5A, and NS5B genes was created using an in-house Perl
script. To complement this data set with independent sequences from
NS3, NS5A, and NS5B, in December 2013 additional searches were per-
formed in LANL, EuHCVdb, and GenBank (www.ncbi.nlm.nih.gov/Gen
Bank/) databases, expanding the initial data set to 4,551 NS3, 7,385 NS5A,
and 2,182 NS5B nonredundant sequences. Low-quality sequences (those
containing stop codons and/or with �1.2% of the amino acid positions
consisting of indeterminate residues) and non-human-derived sequences
(accession numbers were searched according to the keyword “HCV” and
each of the following: “recombinant,” “replicon,” “mouse,” “Mus muscu-
lus,” “chimpanzee,” “chimp,” “Pan troglodytes,” “replicon,” “plasmid,” “cell
culture,” “construct,” and “chimera”) were excluded. Only those HCV
sequences derived from DAA-naive patients were retained, excluding all
sequences from DAA-treated patients described in the literature up to
January 2015. Reference isolates for the different HCV genotypes/sub-
types were chosen in accordance with reference 3 and included in the data
sets (available upon request).

Nucleotide sequence alignments were obtained with MUSCLE (26,
27) and manually edited with MEGA5.2 (28). In order to identify very
closely related sequences (i.e., clones or sequential samples from the
same individual), a clustering was performed for each data set using
CD-HIT (29), setting the threshold of similarity to 0.95. Further ex-

clusion of sequences originating from the same patient at different
time points was done after retrieving additional information from
GenBank.

The final data comprised four data sets: (i) NS3-NS5A-NS5B (concat-
enated set; 1,143 sequences), (ii) NS3 set (2,936 sequences), (iii) NS5A set
(2,242 sequences), and (iv) NS5B set (1,376 sequences). All sequences
from the concatenated data set were present in the corresponding indi-
vidual gene data set. The genotype of the sequences was confirmed by
using two different methods: (i) the CRP COMET subtyping tool (http:
//comet.retrovirology.lu/hcv/) and (ii) maximum likelihood (ML) phylo-
genetic analyses performed with PhyML using the GTR�GAMMA model
(30). Recombinant and incorrectly genotyped sequences were excluded
from the final data sets (n � 17, 35, 26, and 32 for NS3-NS5A-NS5B, NS3,
NS5A, and NS5B sets, respectively).

Naturally occurring polymorphism at positions associated with re-
sistance to DAA (natural RAVs). A compilation of 99 RAVs previously
described in the literature in NS3, NS5A, and NS5B (31) (see Table S1 in
the supplemental material) were used for computing the number and type
of amino acid variants at the corresponding positions with BioEdit (32),
first for HCV genotypes 1 to 6 and thereafter for subtypes 1a and 1b
separately. To calculate the allele frequencies for each RAV, the BioEdit
output table was further analyzed with R (33) at each position associated
with resistance to DAA. Natural RAVs from all the analyzed positions
associated with major resistance to approved DAAs were identified, ac-
cording to their published phenotypic fold change in 50% inhibitory con-
centrations (IC50s) of �10 on HCV replicon culture (see Table S1 in the
supplemental material). Major mutations compiled in references 20 and
22 for which no �10-fold change in IC50 was obtained in our biblio-
graphic search were also considered.

Amino acid signature patterns of resistance to DAA for HCV geno-
types 1 to 6. Amino acid signature patterns for each position in the NS3,
NS5A, and NS5B proteins associated with resistance to DAAs were in-
ferred using VESPA (34), The HCV Con1 replicon or all GT1 amino acid
sequences were used as background sets, which were compared with each
of the query HCV genotypes/subtypes. For a given HCV GT, two analyses
were performed: first to determine the consensus amino acid at each po-
sition (threshold � 0.50) and thereafter to detect the signature amino
acids at each position (threshold � 1.00).

Searching for natural multiple resistance to different DAA classes.
For each HCV genotype, the data set containing the concatenated
NS3-NS5A-NS5B sequences was analyzed to determine the frequency
of viral haplotypes with multiple RAVs. A data frame was created using
in-house Perl and R scripts (33), with every row representing a se-
quence and each column representing a resistance-associated position.
We computed the haplotype frequencies considering only resistance
positions. The frequencies of resistant haplotypes for each analyzed
HCV genotype/subtype were inferred with Arlequin v3.1 (35). Given
the large number of possible haplotype combinations, the dimensions
of the data frames were reduced by considering only 37 positions con-
sistently associated with resistance to approved DAAs (see Table S2 in
the supplemental material).

Calculation of the genetic barrier. The genetic barrier for the evo-
lution of DAA-susceptible codons into RAVs was calculated according
to a previous model applied to human immunodeficiency virus and
HBV (36, 37) and recently to HCV (20). Given a position related to
RAVs, each nonresistance codon present with a prevalence of �1% in
the data sets was compared with all codons encoding a resistance
amino acid, assigning a score of 1 to transitions and a score of 2.5 to
transversions, because transitions occur 2.5 times more frequently
than transversions (20, 36). The genetic barrier was calculated as the
addition of the values assigned to the transitions and/or transversions
needed to convert a nonresistance codon into a RAV. For each nonre-
sistance codon, only the RAV codon with the minimal genetic barrier
was chosen (the most parsimonious one), together with its minimal
score. Due to the high number of possible RAVs in the HCV genes
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analyzed, the genetic barrier was calculated only for the most clinically
significant ones: NS3-36M/A, 54A/S, 55A, 80K/L/R, 155K, 156S/T/V,
168A/E/T/V/Y, and 170A; NS5A-28T, 30R/H, 31V/M, and 93H/C; and
NS5B-159F, 282T, 316N/Y, 414T/V, 448H/C, 495L/Q/S, 554S, 556G,
and 559G (reviewed in reference 38).

Evolutionary history of naturally occurring RAVs. For each data set,
an ML phylogenetic tree was obtained with PhyML (30) with the
GTR�GAMMA model for nucleotide substitutions and rooted with
representative sequences from HCV genotypes 1 to 6. The evolution-
ary history of natural RAVs for each GT was analyzed with Mesquite
(version 2.74; available at http://mesquiteproject.org/mesquite
/download/download.html) using the phylogenetic tree obtained and
the complete amino acid alignment of each GT as input. The evolution
for each amino acid position of interest along the lineages of the phy-
logeny was inferred using a parsimony approach. Clades were defined
as groups of clustered sequences with approximate likelihood ratio test
(aLRT) values higher than 0.85.

RESULTS
Frequency of natural RAVs in HCV genotypes 1 to 6. A total of
2,901, 2,216, and 1,344 NS3, NS5A, and NS5B curated se-
quences, respectively, were included in the analyses of HCV
GTs 1a, 1b, 2, 3, 4, 5, and 6. These data sets included 1,126
isolates with sequences spanning all of the complete NS3,
NS5A, and NS5B genes.

Tables 1 to 4 (also see Table S3 in the supplemental material)
summarize the amino acid frequencies at the most relevant resis-
tance-associated positions in NS3, NS5A, and NS5B, by HCV ge-
notype and the breakdown by subtypes. Among NS3 RAVs to
approved protease inhibitors (PIs), V36L (low-level resistance to
boceprevir [BOC]/telaprevir [TPV]/SMV/paritaprevir) was
highly frequent in GT2 (99.3%), GT3 (100%), GT4 (100%), GT5
(100%), and GT6 (18.9%) but present in only 1.4% and 0.8% of
GT1a and GT1b isolates, respectively. Variants in T54 associated
with resistance to BOC/TPV showed low frequencies in GT1
(2.29% and 2.38% for GT1a and GT1b, respectively) and were
rare in other GTs (found only in one GT2 and two GT3 isolates).
V55A/I variants (associated with resistance to BOC) were concen-
trated in GT1a sequences (48 isolates, 3.91%). Only six non-GT1a
isolates carried these variants (five GT1b and one GT3). The NS3-
Q80K variant (resistance to SMV) was, as expected, highly fre-
quent in GT1a (36.6%) but also in GT5 (100%) and GT6 (24.3%),
whereas Q80G was a signature of GT2 (100% of isolates). R117H
(resistance in vitro to BOC/TPV) was rare, present only in GT1
and with a very low prevalence (0.67% and 3.02% of GT1a and -1b
sequences, respectively). Mutations at position NS3-122 (resis-
tance to SMV) were common and differentially distributed among
genotypes (122G/N was present in 7.24% of GT1a and in 13% of
GT1b sequences; 122N in 33.8% of GT6 sequences; and 122T in
85.9% of GT4, 83.8% of GT5, and 48.6% of GT6 sequences, re-
spectively). While NS3-122R was present only in GT2 (71.89%),
122A was unique to GT5 (10.8%). The major RAVs for PIs are
located at NS3 positions 155, 156, and 168. R155K was very rare,
present in only 13 GT1a, one GT1b, and two GT3 isolates (fre-
quencies of 0.88%, 0.10%, and 1.71%, respectively). There was
only one A156 variant in the data set: one GT6 isolate with A156V.
In contrast, whereas D168 variants were uncommon in GT1
(0.20% and 0.91% of GT1a and GT1b sequences, respectively),
D168Q was fixed in GT3 (100%), and 168E (resistance to most
noncovalent PIs) was found in 48.6% of GT5 and 2.7% of GT6
sequences. Only three isolates (GTs 1a, 1b, and 6) showed

V170A/T (resistance to BOC/SMV/asunaprevir), and I170 was
dominant in GTs 1a, 2, 3, and 5 (97.3%, 84.61%, 98.52%, and
89.74%, respectively) and common in GTs 1b and 5 (30.94% and
31.08%, respectively). Finally, M175L (low-level resistance to
BOC) was characteristic of HCV GTs 1a, 2 (99% of isolates), 3, 4,
and 5 (100% of isolates) but present in only 1.4% of GT1b se-
quences.

For mutations occurring in NS5A, L28M (low-level resistance
to daclatasvir [DCV]/ledipasvir [LDV]/ombitasvir) was present in
98.7% of GT3, 95.7% of GT1a, and 15% of GT4 sequences but in
only 2% of GT1b sequences. On the other hand, L28V was com-
mon in GT6 isolates (43.8%) but rare in GT1a or GT4 sequences
(3.3%). R30Q/L is a RAV studied in GT1b (Con1 replicon) which
also causes resistance to DCV/LDV/ombitasvir. Although 30Q
was found in only 4.8% of HCV-1b and 3.3% of GT3 sequences, it
was present in 100% of GT5 sequences, and 30L was present in
28.3% of GT4 sequences. For variations in Q30 (Q30H/R/E) char-
acterized in subtype 1a replicons, NS5A-30H was present in only
1.6% of GT1a sequences and 30R was present in 3.4% of GT2
sequences, but 30R was common for GT4 and GT6 (53.3% and
32.3%, respectively). Further, H58T (low-level resistance to LDV/
ombitasvir) had a low prevalence of 1.2% in GT1b and 10% in
GT4 sequences but of 40.6% in GT6 sequences. H58P (resistance
in GT1a replicons) was present in 45.8% and 100% of GT6 and
GT5 sequences, respectively, compared to only 2.7% of HCV-1a
isolates. Finally, 153L (compensatory for resistance to thiazole
analogues such as BP008 and DBPR110) was characteristic for
GT5 (100%) and GT1a (96.9%) but less common in GT1b
(18.1%), GT3 (12.4%), and GT4 (1.6%). The most important
RAVs associated with clinical resistance to NS5A inhibitors are
L31V/M and Y93H/N. L31M (low-level resistance to DCV/LDV)
was highly represented in GT2 (81.2%) and GT4 (88.3%) but rare
in GTs 1a, 1b, and 3 (0.9%, 4.6%, and 6.6%, respectively). Re-
markably, within GT3, L31M variants were concentrated in non-
GT3a isolates (see Table S3 in the supplemental material). NS5A-
93H (resistance to DCV/LDV/ombitasvir) had a prevalence of
4.8% in GT1b, 3.1% in GT3, and 3.3% in GT4.

The prevalence of natural RAVs to NS5B NI and NNI was also
differentially distributed among HCV genotypes. Among those
variations affecting NIs, clinical resistance to sofosbuvir (SOF)/
mericitabine (MCB) is associated with mutations in NS5B-S283,
and L159F facilitates resistance (39, 40). S282T/R were present in
just one isolate each for GTs 1a, 1b, 3, and 4 (frequencies of 0.17%,
0.24%, 1.24%, and 1.63%, respectively), and L159F was identified
in only 4.5% of GT1b sequences. No other RAVs in these two
NS5B positions were found for any genotype. In contrast to NIs,
natural RAVs to NNIs were common and varied by virus subtype.
Resistance patterns to NNIs depend on the binding site of the drug
(38). NS5B-C316N/Y, M414T/V, Y448H/C, G554S, S556G, and
D559G are associated with resistance to ABT-072 and dasabuvir,
whereas A421V and P495L/S are associated with resistance to be-
clabuvir. Interestingly, C316N was found in up to 30% of GT1b
and in 8.1% of GT4 sequences, all from non-GT4a isolates. It is
worth noting that, while A421V represents a minority of GT1a
(12.56%) or GT1b (5.03%) sequences, this variant is highly dom-
inant in the other genotypes (80.32%, 98.77%, 91.94%, 37.5%,
and 98.63% for GTs 2, 3, 4, 5, and 6, respectively). In contrast, only
one sequence (GT6) carried P495 variants. At NS5B position 414,
only 2.5% of GT1 sequences showed variants, while almost all
GT2 (414Q/L, 97.5% and 2.5%, respectively) and GT4 (45.2%,
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37.1%, 16.12%, and 1.6% with variants 414L/V/I/Q, respectively)
isolates did. Although NS5B-556 RAVs were rare for GT1
(556G/N in 7.2% and 1.4% of HCV-1b and 1a isolates, respec-
tively), 556G was dominant in all non-1 HCV genotypes except
GT6 (95.9%, 93.5%, 82.2%, 100%, and 4.2% of GT2, GT3, GT4,
GT5, and GT6 sequences, respectively). In contrast, G554S was
uncommon (7.4% and 2.5% of GT2 and GT3 isolates, respec-
tively). Other natural RAVs to NNIs identified included L392I
(resistance to deleobuvir and TMC647055), which was more fre-
quently found in GT2 (69.7%) than in HCV-1b and GT6 (3.8%
and 1.6%, respectively). Finally, RAVs P495L/Q/S (resistance to
deleobuvir and TMC647055) were identified in only one GT6 iso-
late (P495L), and Y448H/C (resistance to tegobuvir) was identi-
fied in one GT1b isolate (Y448C).

Amino acid signature patterns and RAVs. We used the VESPA
program to determine the overall resistance profile to DAAs
within and between HCV genotypes and to identify the predom-
inant and signature amino acids in positions associated with re-
sistance at the three NS3, NS5A, and NS5B genes. Tables 5 to 8 (see
also Table S4 in the supplemental material) show the consensus
amino acid pattern for each HCV genotype and the breakdown by
subtypes. For a given position, one amino acid was considered a
signature when present in 100% of the sequences from a given
genotype. For HCV GTs 2, 3, 4, and 5, all the sequences presented
more than one natural RAV as a signature amino acid. For GT2,
signature RAVs were NS3-Q80G and NS5B-I424V, C445F, I482L,
and V494A. For GT3, signature RAVs were NS3-V36L, D168Q,
and M175L and NS5B-I424V, C445F, and I482L. For GT4, two
NS3, one NS5A, and three NS5B RAVs were found as signature
amino acids (NS3-V36L and M175L, NS5a Q54H and NS5B-
L419I, I482L, and R531K). In GT5, signature RAVs were NS3-
V36L, Q80K, and M175L and NS5B-I363V, M423I, I424V, C445F,
R531K, and S556G. For GT6, three signature RAVs were found in
NS5B (NS5B-C455F, I482L, and V499A). Finally, we found sev-

eral positions with differential signature/majority amino acid pat-
terns between subtypes of the same GTs (Tables 5 to 8; see also
Table S4). These positions were NS3-48, 132, 170, 174, and 175,
NS5A-24, 28, 30, 54, 58, 62, and 153, and NS5B-19, 71, 300, 338,
and 499 for GT1; NS3-122, 173, and 174, NS5A-24 and 28, and
NS5B-15, 71, 338, and 392 for GT2; NS3-39, 132, and 174, NS5A-
30, 31, 54, 62, and 153, and NS5B-300, 442, and 494 for GT3;
NS3-105 for GT4; and NS3-48, 80, 87, 174, and 176, NS5A-24, 28,
30, 58, 62, and 265, and NS5B-300, 494, 486, 555, 556, and 571
for GT6.

Haplotypes with multiple RAVs to different DAA classes. For
the subset of HCV isolates for which all the NS3, NS5A, and NS5B
gene sequences were available (n � 1,126), the frequency of isolates
carrying more than one RAV was calculated considering all positions
associated with resistance. For each HCV genotype, the haplotypes
with multiple RAVs are detailed in Table S5 in the supplemental ma-
terial, including their frequencies. Haplotypes with more than one
RAV accounted for 53% of GT1a sequences, with NS3-
(Q80K�175L) being present in 32% of them. For GT1b, the fre-
quency of sequences with more than one RAV was 28.5%, and 4.5%
of GT1b sequences presented the haplotype NS3-(122G)�NS5B-
(316N). It is worth noting that all (100%) the haplotypes of genotypes
2, 3, 4, and 5 carried more than one natural RAV. In GT2, the most
prevalent haplotype with multiple RAVs (40%) was NS3-
(36L�80G�122R�175L)�NS5A-(31M)�NS5B-(392I�
414Q�556G). For GT3, NS3-(36L�168Q�175L)�NS5A-(28M)
and NS3-(36L�168Q�175L)�NS5A-(28M)�NS5B-(556G) were
present in 42.9% and 28.6% of the sequences, respectively. For GT4,
there were two equally frequent haplotypes, NS3-(36L�
122T�175L)�NS5A-(28M�31M)�NS5B-(414L�556G) and
NS3-(36L�122T�175L)�NS5A-(31M)�NS5B-(414L�556G),
both present in only 8.8% of the sequences. Up to 50% of the GT5
sequences showed the haplotype NS3-(36L�80K�122T�
168E�170V�175L)�NS5B-(556G). Finally, for GT6, 67.1% of the

TABLE 3 Amino acid frequencies in HCV genotypes 1 to 6 at sites associated with resistance to NS5B NIs

NS5B NI
resistance
position

Amino acid variant(s) (no. of isolates) for genotypea:

GT1a (n � 581) GT1b (n � 417) GT2 (n � 122) GT3 (n � 81) GT4 (n � 62) GT5 (n � 8) GT6 (n � 73)

A15G A (562), S (14),
T (3), V (2)

A (379), S (32),
T (3), V (2),
G (1)

A (4), G (80), S (32),
C (2), R (1), I (1)

A (2), S (75), T (2),
N (2)

A (62) S (8) A (71), V (2)

K72M K (579), M (1) K (416), N (1) K (122) K (80), R (1) K (61) K (6), R (2) K (72)
S96T S (581) S (417) S (122) S (81) S (62) S (8) S (73)
N142T N (581) N (385), S (29),

T (1)
N (120), T (2) N (78), S (3) N (58), S (3), T (1) N (8) N (73)

L159F L (581) L (397), F (19) L (122) L (81) L (62) L (8) L (72)
R222Q R (579), D (1) R (417) R (122) R (81) R (62) R (8) R (65), K (5), S (3)
C223H/Y C (581) C (416), R (10) C (121), W (1) C (81) C (62) C (8) C (73)
I239V/L I (580), V (1) I (416) I (120), L (2) I (78), V (3) I (10), V (52) I (8) I (62), V (10)
S282T/R S (580), R (1) S (416), T (1) S (122) S (79), R (1) S (61), T (1) S (8) S (73)
A300T Q (296), R (260),

K (21), L (4)
A (18), S (300),

T (95), V (1),
R (1), F (1)

L (105), R (8), Q (8),
K (1)

T (67), S (6), K (5),
M (2), R (1)

T (46), S (8), V (5),
N (1), M (1)

L (8) A (1), Q (53), E (5),
K (4), M (3),
S (3), T (2), N 1

L320I/F L (579) L (415), R (1) L (122) L (80), Q (1) L (61) L (8) L (73)
V321I V (580), I (1) V (414), I (3) V (120), F (1), I (1) V (81) V (59), I (3) V (8) V (73)
A396G A (579) A (417) A (122) A (81) A (61), V (1) A (8) A (73)
Y586C Y (544), C (2) Y (399), N (1),

F (1), C (1)
F (114), L (2), V (1) F (57), V (1) F (49) F (7) F (71), I (1)

a RAVs are indicated in bold.
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sequences presented haplotypes with at least two natural RAVs, NS3-
(Q80K�122N)�NS5A-(58T) and NS3-(36L�122T) (17.8% and
8.8% of the total haplotypes, respectively).

Genetic barriers. The genetic barrier for the evolution of DAA
resistance was calculated for the analyzed data sets of each gene
and HCV genotype. For each original codon with no resistance,
the minimal genetic barrier was defined as the lowest score ob-
tained from the total number of transitions (score � 1) and/or
transversions (score � 2.5) needed to generate a given RAV. Ge-
netic barrier scores were classified as “intermediate” for values
lower than 5.0 but equal to or higher than 3.0, while values equal to
or higher than 5.0 were classified as “high.” Thus, both interme-
diate and high genetic barrier scores necessarily imply at least two
nucleotide changes. The results are shown in Table S6 in the sup-
plemental material. Considering the most frequent nonresistant
codon for each position and GT, four positions in NS3, two in
NS5A, and seven in NS5B presented very low genetic barriers. For
NS3, the following codons had minimal scores of 1.0: V36(GTG)
in GT1a; V55(GTC) in GTs 1a, 1b, 5, and 6; V55(GTT) in GT3;
V55(GTA) in GT2; R155(AGA) in GT2; R155(AGG) in GTs 1a, 3,
and 5; and V170(GTG) in GTs 4 and 6 or V170(GTA) in GT1b.
Only for positions NS3-L36(CTT) in GT3, R155(CGC) in GTs 4
and 6, and Q168(CAG) in GT3 was a high genetic barrier evident
(L36M score � 5; R155K score � 6; and Q168A/E/V score � 5),
and not for all possible RAVs. Thus, most positions presented low
or intermediate genetic barrier scores. A similar pattern was found
among less frequent codons in all genotypes. For NS5A, two po-
sitions presented very low genetic barrier scores: M28(ATG) in
GTs 1a and 3 and Y93(TAC) in GTs 1a, 1b, 2, 3, and 4. On the
other hand, NS5A-T93(ACA) in GT5 and T93(ACC) in GT6 pre-
sented high genetic barriers toward all possible RAVs (all minimal
scores were �5). Most codon variants found at lower frequencies
also showed low or intermediate genetic barriers for all GTs. For
NS5B, the following codons presented low genetic barrier scores
for all possible RAVs: L159(CTT) in GT1b and L159(CTC) in GTs
1a, 2, and 3; L320(CTT) in GTs 1b and 5; M414(ATG) in GTs 1a,
1b, 3, 5, and 6; Y448(TAC) in GTs 1 to 6; Y448(TAT) in GT5;
G554(GGT) in GT1b; G554(GGC) in GTs 1a, 2, 3, 4, 5, and 6;
S556(AGC) in GTs 1a, 1b, and 6; and A559(GAC) in HCV GTs 1
to 6. In all HCV GTs, the generation of S282T was associated
with a low genetic barrier score, requiring only one substitu-
tion but at the second base of the codon (see Table S4 in the
supplemental material). Other highly frequent codons, such as
C316(TGT) in GTs 1a, 2, and 5; P495(CCT) in GTs 2 and 6; and
P495(CCC) in GTs 3, 4, and 5, presented high genetic barriers
for change to some RAVs but low barriers for others. A high
genetic barrier (score � 5) was found only for Q414(CAA), a
polymorphism particularly frequent in genotype 2 isolates.
Overall, most of the codon variants present at lower frequen-
cies also showed low or intermediate genetic barriers to gener-
ate RAVs in all HCV GTs.

Finally, when analyzing each HCV genotype/subtype indepen-
dently, the most frequent nonresistant codons from NS3, NS5A,
and NS5B presented, on average, low genetic barrier scores. How-
ever, several differences in genetic barriers were observed between
genotypes/subtypes. For NS3-36, the genetic barrier is very low in
GT1a (V36A/M score � 1) but high in GT3 (L30A, score � 3.5;
L36M, score � 5) isolates. Similarly, for NS3-R155, the genetic
barrier is very low for GTs 1a (as previously known), 2, 3, and 5
(score � 1) but high for GTs 1b, 4, and 6 (score � 6). For NS5AM
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Y93H/C, GTs 1a and 1b showed a low genetic barrier in line with
published clinical data (41), together with GT2, GT3, and GT4
isolates (score � 1). In contrast, GT5 and GT6 isolates showed
scores of �5. Finally, for NS5B-M414, the genetic barrier was high
only for GT2 isolates (score � 5) and low for GTs 1a, 1b, 3, 5, and
6 (score � 1). There were no differences in genetic barriers among
HCV genotypes/subtypes for NS5B-S282 (all scores � 2.5).

Evolutionary history of natural RAVs. To find out whether
naturally occurring RAVs are associated with ongoing random
variation and/or founder effects in transmission clusters, the evo-
lutionary history of these RAVs was traced by means of parsimony
analyses, as implemented in Mesquite, using the phylogenetic
trees obtained for each HCV variant and genomic region ana-
lyzed. Most natural RAVs seem to have occurred independently,
although some grouped in well-supported clades (Fig. 1). The
most significant cases (Fig. 1) are NS3-80K (GTs 1a and 6), NS5A-
54H (GT1b) and 153L (GT1b), and NS5B-316N (GT1b) and 392I
(GT2). Other RAVs forming well-supported clades are shown in
Fig. S1 in the supplemental material: NS3-122G/T (GT1b) and
48V (GT6); NS5A-28M (GT1b), 31M (GT3), and 153L (GT3);
and NS5B-414G/T (GT4). The same tree topologies were obtained
when phylogenies were reconstructed from alignments without
the codon positions implicated in resistance to DAAs (data not
shown).

DISCUSSION

This study provides a comprehensive view on naturally occurring
RAVs in all sequences publicly available to date for HCV geno-
types 1 to 6. We obtained 2,901, 2,216, and 1,344 HCV sequences
from HCV isolates from DAA-naive patients for NS3, NS5A, and
NS5B, respectively, and they were screened for 28 NS3, 17 NS5A,
and 58 NS5B relevant RAVs to compare their relative frequencies
in the different HCV genotypes/subtypes. In addition, for the
1,126 HCV isolates in which sequences from the three genomic
regions were available, we estimated the frequency of haplotypes
carrying multiple RAVs to the four different classes of approved
DAAs. Hence, to our knowledge, the current study represents the
most comprehensive data set and analysis of naturally occurring
HCV resistance to DAAs.

One of the most important findings is the remarkable differ-
ence observed in the prevalence of natural RAVs among HCV
genotypes, with some RAVs being found in all isolates of a given
genotype. First, for NS3, we found differences between genotypes
for positions 36, 80, 117, 122, 168, and 175, in line with our pre-
vious results with a smaller data set (13) and with those observed
by others (15, 16, 21, 22). Second, for NS5A, we identified relevant
differences in the distribution of RAVs at positions 28, 30, 31, 58,
62, 93, and 153, particularly between GT1a and GT1b. Variation

TABLE 5 Majority amino acids and signatures of HCV genotypes 1 to 6 at sites associated with resistance to NS3 inhibitors

NS3 position

Amino acid for sequence or genotypea:

Con1
reference
(1b)

GT1
consensus
amino acid All GT1 1a 1b 2 3 4 5 6

C16S C C ● ● ● A T* T* A* T*
V36A/M/L/G/I/C V V ● ● ● L L* L* L* ●

A39V A A ● ● ● V ● ● ● ●

Q41R/K/P/H Q Q ● ● ● ● ● ● ● ●

F43S/C/Y/V/I/L F F ● ● ● ● ● ● ● ●

I48V V I I I ● I ● ● I I
T54A/S/V/G/C T T ● ● ● ● ● ● ● ●

V55A/F/I/K/T V V ● ● ● ● ● ● ● ●

D79E D D ● ● ● E ● ● ● ●

Q80K/L/N/R/H/G Q Q ● ● ● G* ● ● K* ●

A87T A A ● ● ● S ● ● S ●

Y105C Y Y ● ● ● ● ● F ● ●

R109K R R ● ● ● ● ● ● ● ●

R117H R R ● ● ● ● ● ● ● ●

S122G/A/R/N/T S S ● ● ● R ● T T T (�50%)
R123H/K R R ● ● ● ● T* ● ● ●

I132V V I I I ● L L I I I
S138T/D/P S S ● ● ● ● ● ● ● ●

R155K/T/I/M/G/L/S/Q/P/N/W R R ● ● ● ● ● ● ● ●

A156S/T/V/I/F/N/G/D A A ● ● ● ● ● ● ● ●

V158I/M V V ● ● ● ● ● ● ● ●

V163L V V ● ● ● ● ● ● ● ●

D168Q/A/Y/V/E/T/N/P/I/H/G/F/S/K D D ● ● ● ● Q*? ● ● ●

V170A/T/G/L/M V I I I ● I I ● I ●

E173G E E ● ● ● ● ● ● ● ●

S174F/P S S ● N ● ● T ● N N
M175L M L L L*? ● L L* L* L* ●

E176G E E ● ● ● D S ● ● ●
a Symbols: ●, amino acid identical to the Con1 prototype replicon (HCV-1b); *, amino acid present in 100% of the sequences for the given HCV genotype; *?, amino acid present in
100% of the sequences for the given HCV genotype, with the exception of ambiguities. Amino acids without asterisks are present in the majority, but not all, of the sequences for
the given HCV genotype. Amino acids unique for the given HCV genotype are presented in bold.
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in NS5A has been previously analyzed in 31 GT1a and 30 GT1b
clinical isolates (17), finding similar frequencies for L28V in GT1a
and L28M/V in GT1b. However, we report here a much lower
prevalence of L31M in worldwide GT1a isolates (0.93%) and a
higher or lower prevalence of Y93H/C in GT1a or GT1b isolates
(0.70% versus 5.06%, respectively). Furthermore, while Paolucci
et al. (17) did not find natural RAVs for NS5A inhibitors, we found
up to 5.1% of HCV-1b isolates harboring RAVs. Third, NS5B
RAVs to NNIs were frequent in positions 316, 392, 414, and 556
for certain HCV genotypes. For positions NS5B-316 and 556, our
results are similar to those obtained previously in a smaller data set
(20). However, we identified higher frequencies of RAVs at NS5B-

414 in GT2 and GT4 isolates, probably because we considered
M414Q/L (highly prevalent in these genotypes) a RAV. Other
previous studies, analyzing a very limited number of isolates,
also reported M414Q as a very frequent polymorphism in HCV
GTs 2 and 3 (42). Finally, the most clinically relevant RAVs to
NIs (L159F and S282T) were very infrequent (4.80% of GT1b
isolates and 0.17%, 0.24%, and 1.24% of isolates from GTs 1a,
3, and 4, respectively). This near-absence of intergenotypic
variation of NS5B-S282 suggests that NIs may indeed warrant
their efficacy across genotypes, but the natural presence of the
compensatory RAV L159F in a small proportion of GT1b iso-
lates deserves further investigation. For other HCV genotypes,

TABLE 6 Majority amino acids and signatures of HCV genotypes 1 to 6 at sites associated with resistance to NS5a inhibitors

NS5a position

Amino acid for sequence or genotypea:

Con1
reference
(1b)

GT1
consensus
amino acid All GT1 1a 1b 2 3 4 5 6

L23F L L ● ● ● ● ● ● ● ●

Q24L Q K K K ● S S K* ● K
L28M/T L M M M ● ● M ● ● V (<50%)
R30Q/L R Q Q Q ● K A ● Q S (<50%)
L31M/V/F L L ● ● ● M ● M ● ●

P32L P P ● ● ● ● ● ● ● ●

Q54H/N/L/Y Q H H H ● T S H* S H
P58S/A/L/T/H/D/P P H H H (49.5%) H ● ● ● ● ●

Q62E/R/A/P/S Q E E E ● N S E T V
A92T A A ● ● ● C E ● ● ●

Y93H/N/C Y Y ● ● ● ● ● ● T* T
F149L F F ● ● ● ● ● ● ● ●

V153M/L/I V L L L ● ● ● ● L ●

M202L M M ● ● ● ● ● ● ● ●

M265V/T M M ● ● ● ● ● ● ● ●

D320E D D ● ● ● ● ● ● G* ●

Y321N Y Y ● ● ● ● ● ● ● ●
a Symbols: ●, amino acid identical to the Con1 prototype replicon (HCV-1b); *, amino acid present in 100% of the sequences for the given HCV genotype. Amino acids without
asterisks are present in the majority, but not all, of the sequences for the given HCV genotype. Amino acids unique for the given HCV genotype are presented in bold.

TABLE 7 Majority amino acids and signatures of HCV genotypes 1 to 6 at sites associated with resistance to NS5B NIs

NS5B NI resistance
position

Amino acid for sequence or genotypea:

Con1
reference
(1b)

GT1 consensus
amino acid All GT1 1a 1b 2 3 4 5 6

A15G A A ● ● ● G S ● S* ●

K72M K K ● ● ● ● ● ● ● ●

S96T S S ● ● ● ● ● ● ● ●

N142T N N ● ● ● ● ● ● ● ●

L159F L L ● ● ● ● ● ● ● ●

R222Q R R ● ● ● ● ● ● ● ●

C223H/Y C C ● ● ● ● ● ● ● ●

I239V/L I I ● ● ● ● ● V ● ●

S282T/R S S ● ● ● ● ● ● ● ●

A300T A S (�30%) S (�30%) Q S L T T L* Q
L320F/I L L ● ● ● ● ● ● ● ●

V321I V V ● ● ● ● ● ● ● ●

A396G A A ● ● ● ● ● ● ● ●

Y586C Y Y ● ● ● F F F*# F*# F
a Symbols: ●, amino acid identical to the Con1 prototype replicon (HCV-1b); *, amino acid present in 100% of the sequences for the given HCV genotype; *#, amino acid present
in 100% of the sequences for the given HCV genotype, with the exception of gaps. Amino acids without asterisks are present in the majority, but not all, of the sequences for the
given HCV genotype. Amino acids unique for the given HCV genotype are presented in bold.
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NS5B RAVs identified in HCV replicon assays (A15G and
I239V) showed a significant prevalence in GT2 and GTs 4 and
6, respectively, but their potential clinical significance is un-
clear.

A second important finding is the presence of multiple RAVs to
several DAAs in HCV isolates from DAA-naive patients, irrespec-
tive of the viral genotype. Considering those haplotypes with more
than one RAV, the most frequent for GT1a showed at least two

RAVs at NS3, but for the rest of the HCV genotypes, finding three
or more RAVs involving at least two different genes was very com-
mon. These results indicate intergenotypic differences in the fre-
quency and combinations of natural RAVs that may have poten-
tial clinical implications. However, the real levels of resistance
conferred by these natural RAVs should be determined with spe-
cific assays for each genotype/subtype and not only with HCV-1
replicons (see below). Despite such differences, the most common

TABLE 8 Majority amino acids and signatures of HCV genotypes 1 to 6 at sites associated with resistance to NS5B NNIs

NS5B NNI resistance position

Amino acid for sequence or genotypea:

Con1
reference
(1b)

GT1
consensus
amino acid All GT1 1a 1b 2 3 4 5 6

T19S/P T Q Q Q S E E* S E* E*
K50R K K ● ● ● ● ● ● ● ●

D55E D D ● ● ● ● ● ● ● ●

M71V M V V V ● V V I ● I
H95Q/R H H ● ● ● ● ● ● ● ●

138I I I ● ● ● ● ● ● ● ●

L314F L L ● ● ● ● ● ● ● ●

C316Y/F/N/S C C ● ● ● ● ● ● ● ●

A338V A A ● ● V ● ● ● ● ●

I363V I I ● ● ● ● ● ● V* ●

S365T/A/L/O/F S S ● ● ● ● ● ● ● ●

S368A/T S S ● ● ● ● ● ● ● ●

T389S/A T T ● ● ● ● ● E* Q* ●

L392I L L ● ● ● I ● ● ● ●

N411S N N ● ● ● ● ● ● ● ●

M414L/T/I/V/Q M M ● ● ● Q ● L ● ●

L419M/V/S/I L L ● ● ● I I I*? ● I
A421V A A ● ● ● V V V ● V
R422K R R ● ● ● ● ● ● ● ●

M423T/V/I/A M M ● ● ● ● ● ● I* ●

I424V I I ● ● ● V* V* V V* V
M426T/V/I M M ● ● ● ● ● ● ● ●

A442T A A ● ● ● N P ● ● ●

C445F C C ● ● ● F* F* F* F* F*
I447F I I ● ● ● M M* M* M* ●

Y448H/C Y Y ● ● ● ● ● ● ● ●

C451R C C ● ● ● V T T* V* T*
Y452H Y Y ● ● ● ● ● ● ● ●

C455F E E ● ● ● N T* T* T* T
M/I462T I I ● ● ● ● ● ● ● ●

R465G R R ● ● ● ● ● ● ● ●

I482L/V/T/S I I ● ● ● L*# L*# L*# ● L*#
A486V/I/T/M A A ● ● ● ● ● ● ● G
V494A/I V V ● ● ● A*# C ● ● A
P495L/A/S/T/Q P P ● ● ● ● ● ● ● ●

P496A/T/S P P ● ● ● ● ● ● ● ●

V499A V A A A ● A A A A A*#
R531K R R ● ● ● K ● K*# K* K
G554D/S G G ● ● ● ● ● ● ● ●

Y555C Y Y ● ● ● A V A A* ●

S556G/N/C S S ● ● ● G G G G* ●

G558R G G ● ● ● ● N ● ● ●

D559G/S/N D D ● ● ● ● ● ● ● ●

W571R W W ● ● ● L H Y Y M (<50%)
a Symbols: ●, amino acid identical to the Con1 prototype replicon (HCV-1b); *, amino acid present in 100% of the sequences for the given HCV genotype; *#, amino acid present
in 100% of the sequences for the given HCV genotype, with the exception of gaps; *?, amino acid present in 100% of the sequences for the given HCV genotype, with the exception
of ambiguities. Amino acids without asterisks are present in the majority, but not all, of the sequences for the given HCV genotype. Amino acids unique for the given HCV
genotype are presented in bold.
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combinations of natural RAVs included NS3-36L�175L and/or
80G/K (GTs 1a, 2, 3, 4, and 5), NS3-80G/K�122G/R/T/N (GTs 2,
5, and 6), and NS3-122T/R�NS5B-556G and/or 175L (GTs 2, 4,
and 5). While the selection of several combinations of RAVs dur-
ing DAA treatment has been reported previously for TPV (NS3-
36M�155K), SMV (NS3-36M�155K; 80L�155K; 122R�155K;

155K�168E; 80R�168E), and MCB (NS5B-159F�320F) (38),
none of these combinations was found in any of the HCV isolates
from DAA-naive patients analyzed here. Collectively, these obser-
vations suggest that natural RAV profiles may be different from
those induced during treatment with DAAs.

The third important finding of our study is that several

FIG 1 Dendrograms representing the evolutionary history of the six most representative resistance mutations forming well-supported clades (A to F). Blue lines
represent nonresistant lineages; red lines represent lineages carrying the resistance mutation; black dots represent the emergence of well-supported clades of
resistance (aLRT, �0.85). In panel B, the node including the HCV-6a clade is indicated in green. In panel E, nodes including the Asian (yellow) and U.S. (green)
clades are indicated.
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RAVs previously characterized for HCV GT1 (either in repli-
con assays or during DAA treatment failure) were present as
majority or signature (unique) amino acids for other viral ge-
notypes (detailed in Tables 5 to 8; see also Table S4 in the
supplemental material). Further, we found several positions
with differential signature/majority amino acid patterns be-
tween subtypes of the same GTs. The potential impact of these
genotype/subtype-specific natural RAVs on the pan-genotypic
efficacy of new interferon-free DAA regimens remains to be
determined and deserves further research. An important limi-
tation of our study is that the RAVs investigated here have been
mainly characterized for HCV GT1 and might not necessarily
confer resistance in other HCV genotypes. Previous work re-
ported reduced DAA sensitivity in isolates from non-1 HCV
genotypes carrying some of the consensus and/or signature
amino acids identified here. Clear examples are NS3-Q80K for
GT1a, NS3-Q80G for GT2, and NS3-D168Q for GT3 (13, 16,
43). However, this may not always be the case: Y93H confers
several-thousandfold resistance to NS5A inhibitors in GT1 iso-
lates, but GT5 and GT6 isolates with the naturally occurring
variant Y93T do not show a great degree of natural resistance,
and isolates with T93H show only low levels of resistance (44).
Because the information available on specific RAVs for geno-
type 2 to 6 isolates (either in vitro in replicon assays or in vivo)
is still limited, this issue remains beyond the scope of our study.

Nevertheless, we were able to identify several RAVs in non-
GT1 isolates that are known to confer resistance in chimeric
HCV replicons for the corresponding genotype (see Table S1 in
the supplemental material), such as NS3-D/Q168E for GTs 5
and 6, NS5A-L28M/F/V for GTs 2 and 4, L/A30K/H and Y93H
for GT3, and NS5B-L329I and V494 for GT2. Our results
strongly suggest that DAA resistance profiles may be helpful for
the choice of the most appropriate DAA combination for each
particular HCV genotype/subtype. Thus, the identification of
RAV profiles for GTs 2 to 6 in vitro using genotype/subtype-
specific assays is urgently needed, together with their correla-
tion with in vivo data from the increasing number of patients
infected with HCV GTs 2 to 6 being treated with DAAs.

Given the high rates of evolution of HCV, the development
of resistance during treatment is inevitable. Strikingly, our re-
sults show that most HCV isolates have a low genetic barrier
toward mutations to generate RAVs to different DAAs, regard-
less of the HCV genotype. These results may seem difficult to
reconcile with the high efficacy of DAA combinations but are in
line with the clinical observations that SVR rates have been
increasing when more DAAs are being included in treatment
regimens. All the studies on DAAs administered as mono-
therapy showed the rapid selection of RAVs (45). While the
combination of one DAA with P/R marked a milestone in
achieving SVR rates higher than 70%, not until the use of two
or more DAAs in combination did SVR rates reach 85 to 90%,
presumably because of the continuous selection of RAVs in
amino acid sites with low genetic barriers in single-DAA regi-
mens. While this may hold true for PIs and NNIs, it is probably
not that relevant for combinations with highly potent NS5A
inhibitors and/or those with high clinical genetic barriers (NIs
such as SOF or MCB). During treatment with these highly po-
tent DAAs that immediately reduce viral replication, the virus
probably has no capacity to generate and allow the spread of
new RAVs emerging as minor variants in the viral population.

However, a different question is whether DAA escape occurs
because a natural RAV preexists as a predominant variant
within an individual. Despite the high natural variability of
HCV, SVR rates observed in pivotal studies are much higher
than 90% for HCV GT1, but as different IFN-free DAA com-
binations are generalized for treatment of non-1 HCV geno-
types, natural resistance/susceptibility profiling may still be
useful for choosing the best drug regimens and for retreatment
of relapses.

Finally, from a public health perspective it is important to
investigate whether naturally occurring RAVs appear ran-
domly without antiviral pressure, correspond to old transmis-
sion clusters, and/or share a geographical distribution pattern.
Using phylogenetic analyses, we revealed that most natural
RAVs appeared de novo, as they are found in external branches.
However, in some cases such mutations were clearly differen-
tiated in well-supported clades. It has been suggested recently
that the majority of GT1a infections carrying the 80K variant
(associated with resistance to SMV) were transmitted from a
single origin (21). Our analyses further support their results
and shed more light on the evolution of NS3-Q80K. We found
that this variant in GT6 occurs only in subtype 6a, being pres-
ent in 18 out of 20 of all GT-6a sequences, 13 of them from
Hong Kong. In addition, we identified other well-differentiated
clades grouping different RAVs, NS5A-153L and NS5B-316N
in GT1b isolates. It is worth noting that our phylogenetic anal-
yses support the existence of two distinct GT1b clades carrying
NS5B-316N: one clade from Asian isolates (Japanese and Chi-
nese sequences) and a second one from the United States. For
these highly prevalent natural RAVs, surveillance may be useful
to asses their potential impact on the efficacy of some of the
new IFN-free DAA regimens containing NNIs. In addition, if
proven clinically relevant, these natural RAVs also deserve at-
tention for their potential to be transmitted in small local epi-
demics associated with risk behaviors. In addition, and despite
the high efficacy of new DAA regimens shown in pivotal stud-
ies, in actual clinical practice a small but significant number of
patients may fail DAA treatment and potentially transmit se-
lected DAA-resistant HCV variants, which need to be identified
and characterized.

In conclusion, our comprehensive analysis of natural HCV
polymorphisms associated with resistance to DAAs indicates
that natural RAVs are relatively common in viral isolates from
treatment-naive patients, with frequencies clearly varying
among HCV genotypes/subtypes. Importantly, for any HCV
genotype, there is a significant proportion of viral isolates car-
rying at least two RAVs, and we identified distinct genotypic
profiles for HCV natural resistance to DAAs. Furthermore, we
observed that, for any HCV genotype, most of the more prev-
alent wild-type codons present low genetic barriers for the gen-
eration of new RAVs, emphasizing the importance of using at
least one highly potent drug as a backbone in IFN-free DAA
combinations. While our evolutionary analyses showed that
the majority of naturally occurring RAVs are probably being
generated at random and very recently, a few natural RAVs are
associated with long-lasting, geographically delimited success-
ful transmission with a high potential to keep being further
transmitted over time.
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